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Abstract. A simple, quantum-reflection based, model is presented for
describing ionization in collisions of cold metastable helium atoms (He∗). This
model employs only the van der Waals coefficient and the reduced mass. For
atoms reaching short distances an ionization probability of 100% is assumed.
The ionization rate coefficient can be written in closed form. Good agreement
with more elaborate calculations for collisions of 3He∗ and 4He∗ is obtained for
temperatures up to a few mK.
PACS numbers: 34.50.-s, 34.50Fa
Triplet metastable Helium, He∗ (He 1s 2s 3S) is of considerable interest in cold-
atom studies as an alternative to the alkalis (Baldwin, 2005, and references therein).
Bose-Einstein condensation has been achieved (Robert et al., 2001; Pereira Dos Santos
et al., 2001; Tychkov et al., 2006; Dall and Truscott, 2007) and 3He∗ has also been
trapped (Kumakura and Morita, 1999; Stas et al., 2004) and a Degenerate Fermi Gas
achieved (McNamara et al., 2006). One attractive feature of metastable helium is that
the excitation energy allows for single-atom detection.
Penning and associative ionization are the principal decay mechanisms in a gas
of triplet metastable Helium. Although collisions of these atoms on the 5Σ+g potential
cannot lead to ionization (if the weak spin-orbit coupling is neglected), for collisions in
the accessible 1Σ+g and
3Σ+u potentials ionization is not forbidden by spin conservation.
Ionization rate coefficients for collisions of 4He∗–4He∗, 3He∗–3He∗ and 4He∗–3He∗
have recently been measured by Stas et al. (2006, Erratum: 75 069908 (2007) and
McNamara et al. (2007) at mK temperatures. These authors have discussed earlier
measurements of 4He∗–4He∗ and 3He∗–3He∗ ionization collisions.
Stas et al. (2006, Erratum: 75 069908 (2007) and McNamara et al. (2007) have
also presented a theoretical model of this process, based on the quantum reflection
occurring when the cold atoms pass from having a relatively long de Broglie wavelength
asymptotically to a much shorter wavelength in the region of the potential well. They
determined the quantum transmission probabilities on the 1Σ+g and
3Σ+u potentials,
which had been calculated by Mu¨ller et al. (1991). It was assumed that any atoms
transmitted to short distances would have a 100% probability of ionization. Here we
show that it is possible to model these reflection probabilities analytically for cold-atom
collisions, based only on the long-range van der Waals coefficient and the particles’
masses. Our method is based on the results of Friedrich’s group, see Friedrich and
Trost (2004, and references therein) and Arnecke et al. (2006).
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Quantum reflection of cold atoms is also of considerable interest for surface
scattering in microtraps (Fortagh and Zimmermann, 2007, and references therein) and
for reflection of condensates by a surface (Scott et al., 2005; Pasquini et al., 2006).
For small k, k being the wave-number, for the usual atom-atom long-range
potential, V (R) = −C6/R
6, R being the atom-atom separation, the transmission
probability Pℓ(k) for collisions with partial wave ℓ and reduced mass µ can be written
(Friedrich and Trost, 2004)
Pℓ(k) = cℓ(kβ)
2ℓ+1, β = (2µC6/~
2)1/4, (1)
where the coefficients cℓ are known (Friedrich and Trost, 2004). This result also
includes the transmission probability for tunnelling through the centrifugal barrier
arising for ℓ 6= 0. The condition on the potential for this result to be valid is that the
long-range potential can be employed for R≪ β. For 4He∗–4He∗ collisions β ≈ 70 a0,
and β changes only slightly for the other reduced masses of interest. Hence the
quantum reflection is occurring at distances large compared to the minimum of the
potential, ≈ 6 a0, (Mu¨ller et al., 1991) for both the
1Σ+g and
3Σ+u potentials. Note that
the distance β introduced by Friedrich and Trost (2004) is twice the van der Waals
radius, RvdW , of Jones et al. (2006).
For s-waves at the temperatures of interest, typically a few mK, this
approximation, (1), for P0 is on the verge of violating unitarity. Friedrich and Trost
(2004) suggest employing instead
P0(k) = 1− exp(−c0kβ). (2)
Arnecke et al. (2006) have recently noted that the accuracy of this approximation was
shown (Moritz, 2001) to improve with increasing power of the long-range potential
being considered. We note that since the long-range potential only is being employed,
transmission probabilities on the 1Σ+g and
3Σ+u potentials will be identical. Stas et al.
(2006, Erratum: 75 069908 (2007) obtained a difference of only a few percent between
transmission probabilities for 4He∗–4He∗ collisions on these two potentials, although
it should be recalled that these two potentials are in fact very similar (Mu¨ller et al.,
1991).
Using the transmission probabilities, (2) for s-waves and (1) for p-waves, and
the assumption of 100% ionization on transmission, it is straightforward to determine
partial ionization cross sections
σℓ(k) =
π
k2
(2ℓ+ 1)Pℓ(k), (3)
and the corresponding partial rate coefficients for ionization, Kℓ(T ) = 〈vσℓ〉, where v
denotes the relative speed and 〈· · · 〉 denotes an average over a Maxwellian distribution
at temperature T . We find
K0(T ) = (4πb~/µ) exp(T/T0)erfc(
√
T/T0), b =
πβ
8Γ2(5/4)
, T0 =
~
2
8µkBb2
,
K1(T ) = (4πb~/µ)(T/T0)c¯1, c¯1 =
32Γ6(5/4)
π2Γ2(3/4)
≈ 1.197, (4)
where kB denotes Boltzmann’s constant. Here kBT0 ≈ EvdW /4, where EvdW is the van
der Waals energy introduced by Jones et al. (2006). The temperature T0 gives a rough
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Figure 1. Ionization rate coefficients for cold He∗ collisions. Note that the results
of Venturi and Whittingham (2000) are shown, for clarity, at a temperature 10%
higher than their calculations. The vertical line indicates the range of their values
obtained with varying imaginary potentials.
indication of the upper limit of validity of the present theory. At the temperatures of
interest the d-wave contribution (∝ T 2) can be neglected.
Stas et al. (2006, Erratum: 75 069908 (2007) and McNamara et al. (2007) have
given the appropriate weightings for collisions of unpolarized beams of atoms in terms
of ionization rate coefficients 2S+1Kℓ for collisions on the potential of multiplicity 2S+1
with angular momentum ℓ. Expressing the rate coefficient for unpolarized beams of
atoms of atomic numbers A1 and A2 as K
unpol
A1−A2
we have, in our approximation,
Kunpol4−4 = (
1K0 + 3
3K1)/9 ≈ (K0 + 3K1)/9,
Kunpol3−4 = [4(
1K0 +
1 K1)/3 + 4(
3K0 +
3 K1)]/12 ≈ 4(K0 +K1)/9,
Kunpol3−3 = (6
1K0 + 10
1K1 + 33
3K0 + 15
3K1)/144 ≈ (39K0 + 25K1)/144. (5)
Using the value for C6 from Yan and Babb (1998), our results for K
unpol for all
three mass combinations are shown in figure 1. The value of T0 ranges from 9.7 mK
for 4He∗–4He∗ collisions to 14.9 mK for 3He∗–3He∗ collisions. It can be seen that
this approximation gives results in good agreement with those of Stas et al. (2006,
Erratum: 75 069908 (2007) and McNamara et al. (2007), with a slight tendency to
overestimate at the highest temperature, 2 mK, for which their results are available.
Because of optical pumping, the experiments (Stas et al., 2006, Erratum: 75 069908
(2007; McNamara et al., 2007) employed a somewhat different distribution of magnetic
sublevels. As the precise values are not listed in the experimental papers no direct
REFERENCES 4
comparison with the measurements is possible. However experiment is in good
agreement with the theory of Stas et al. (2006, Erratum: 75 069908 (2007) and
McNamara et al. (2007), whose results are shown in figure 1, so it can be inferred
that the theory presented here would show similar agreement.
Venturi and Whittingham (2000) have performed a much more elaborate
calculation of ionization including explicitly the imaginary part of the 1Σ+g and
3Σ+u
potentials to allow for ionization. Their results at temperatures of 0.5 mK and 1 mK
are shown, for clarity, in figure 1 at temperatures 0.55 mK and 1.1 mK, along with
the range of values they obtained allowing for different imaginary potentials. Our
approximation is in satisfactory agreement with these more elaborate calculations.
We have shown that a simple theory based solely on the long-range potential can
give good results for ionization in all cold collisions involving 4He∗ and 3He∗. Given
that the quantum reflection approximation, (1), should be reliable, particularly at the
lowest temperatures, the results in our model, with its assumption of 100% ionization
at short distances, should give an upper bound to the ionization rate coefficient.
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